The androgen receptor (AR) is critical for disseminated prostate cancer proliferation and survival. AR activity is targeted either through prevention of ligand synthesis or through the use of antagonists that bind the COOH-terminal ligandbinding domain. Although initially effective, treatment fails due to restored AR activity in the presence of therapeutics. Thus, new means must be developed to target AR activity. The SWI/SNF chromatin remodeling complex is critical for AR transcriptional activity, and the BAF57 SWI/SNF subunit facilitates direct interaction with the receptor. Although selected SWI/SNF subunit expression is reduced in prostate cancer, we show that BAF57 is retained in human disease and is elevated in a subset of tumors. Functional analyses showed that BAF57 contributes uniquely to androgen-mediated stimulation of transcription without compromising the effectiveness of AR antagonists. Subsequent studies revealed that BAF57 is recruited to the AR DNA-binding domain/hinge region, which occurs concomitant with receptor activation. These data provided the basis for a novel inhibitor derived from BAF57 [BAF57 inhibitory peptide (BIPep)], which blocked AR residence on chromatin and resultant AR-dependent gene activation. Importantly, BIPep expression was sufficient to inhibit androgen-dependent prostate cancer cell proliferation in AR-positive cells. In summary, these data identify blockade of AR-BAF57 interaction as a novel means to target agonistinduced AR function in prostate cancer, and provide the first evidence that abrogation of SWI/SNF function can be developed as a point of therapeutic intervention in prostate cancer. [Cancer Res 2008;68(12):4551-8] 
Introduction
The androgen receptor (AR) is a ligand-activated transcription factor required for prostate cancer development and progression (1) . AR is activated through androgen [testosterone or dihydrotestosterone (DHT)] binding to the receptor COOH-terminal ligandbinding domain (LBD; ref. 2) . Thereafter, AR is released from heat shock proteins, forms a homodimer, and translocates to the nucleus, where the receptor uses a zinc finger DNA-binding domain (DBD) and COOH-terminal extension (CTE; within the hinge region of AR) to bind androgen-responsive elements (ARE) located within the promoter/enhancer regions of AR target genes [e.g., prostatespecific antigen (PSA); refs. 3, 4] . AR occupancy initiates the recruitment of cofactors (such as p160 coactivators and the SWI/ SNF chromatin remodeling complex) that assist in inducing transcriptional activation and are necessary for generating an open chromatin environment (5) . This open chromatin state permits subsequent binding of the basal transcription machinery to the promoter region and initiates transcription of target genes through the action of RNA polymerase II (6) (7) (8) .
Given the stringent dependence of prostate cancer cells on AR action, first-line treatment for disseminated tumors is directed toward ablation of AR function, as achieved either through ligand (androgen) depletion or through the use of AR antagonists that compete for LBD binding and initiate formation of transcriptional repressor complexes (9, 10) . Although initially effective, tumor cells override these inhibitory mechanisms and restore AR activity through alterations that include mutation of the LBD, overexpression of AR cofactors, AR amplification, or signal transduction-mediated (ligand independent) AR reactivation (1) . As this stage of disease is incurable, it is evident that new means must be developed to inhibit AR function, independent of the receptor COOH terminus.
The SWI/SNF chromatin remodeling complex is recruited by AR in response to androgen and is thought to assist the receptor in promoting transcriptional transactivation through its ability to mobilize nucleosomes (11) (12) (13) (14) . SWI/SNF complexes alter nucleosome structure through the action of core ATPases (Brg1 or Brm), with specificity of SWI/SNF function rendered via the remaining 8 to 10 subunits, termed BRG1-associated factors (BAF). It has been previously reported that AR predominantly uses a subfamily of SWI/SNF complexes that depend on the Brm ATPase, but direct association of the receptor with SWI/SNF is likely fostered by direct interaction with the BAF57 or BAF155 subunits (13, 15) . Because the BAF57 subunit is not required for SWI/SNF ATPase activity (16) , but is thought to direct specificity of the complex, it was hypothesized that this SWI/SNF subunit could be targeted for disruption in prostate cancer and therefore provide novel means of therapeutic intervention.
In our present study, the relevance of BAF57 in AR signaling and as a novel therapeutic target in prostate cancer was determined. First, it was revealed that BAF57 expression is maintained in all disease states and elevated in a subset of tumors, suggesting that BAF57 likely persists in supporting AR activity throughout disease progression. Subsequent functional studies indicated that BAF57 is required for the response to AR agonists but is dispensable for the response to therapeutic AR antagonists, defining a unique role for the protein in the protumorigenic functions of AR. Biochemical analyses indicated that BAF57 is recruited early after androgen stimulation to the AR DBD/hinge region. Mapping of the proteinprotein interface facilitated development of a BAF57 fragment that is sufficient for association with this AR region. Expression of this fragment, termed BAF57 inhibitory peptide (BIPep), was shown to destabilize AR-chromatin association and block resultant gene activation from clinically relevant target genes. Most importantly, BIPep expression blocked androgen-dependent cell proliferation in AR-positive (but not AR negative) prostate cancer cells. Together, these data are the first to identify SWI/SNF subunits as therapeutic targets in prostate cancer, and provide a new means to thwart AR activity, independent of the receptor COOH-terminal domain.
Materials and Methods
BAF57 antibody generation. The BAF57 antibody was generated with the assistance of Bethyl Laboratories. Briefly, a 20-amino acid peptide sequence (amino acids 291-310) of BAF57 was synthesized, purified by high-performance liquid chromatography, and verified by mass spectrometry. The peptide was conjugated to KLH and rabbits were immunized. Anti-BAF57 was affinity purified from rabbit serum.
Tissue culture. BT549, LNCaP, LAPC4, 22Rv1, DU-145, and PC-3 cells were cultured as previously described (13, (17) (18) (19) (20) . For culture in steroid-free conditions, cells were cultured in phenol red-free medium supplemented with charcoal dextran-treated FBS (CDT; Atlanta Biologicals).
Immunoblots. Immunoblotting was carried out as previously described (13) . Antibodies used were generated against BAF57 (described above), lamin B (Santa Cruz Biotechnology), AR (N-20; Santa Cruz Biotechnology), cyclindependent kinase 4 (H-22; Santa Cruz Biotechnology), and FLAG (Sigma).
Immunohistochemistry. Briefly, tissue sections were treated with the Vectastain Elite avidin-biotin complex method rabbit staining kit and developed for 2 min with the 3,3 ¶-diaminobenzidine substrate kit according to the manufacturer's specifications (Vector Laboratories, Inc.). Specificity and optimal dilution of the rabbit polyclonal anti-BAF57 antibody (1:2,000) was determined using tissue sections from cell culture pellets obtained from BT549 (BAF57 negative) and LNCaP (BAF57 positive) cells (protocol adapted from ref. 21 ). Cell culture pellets for immunohistochemistry were generated by scraping asynchronous cell cultures in PBS. Cell pellets were suspended in three drops of plasma and thrombin was added to produce a cell clot. The clot was suspended in 10 mL of 10% neutral buffered formalin for 24 h, then embedded in paraffin, and sectioned for analysis. Further validation of the anti-BAF57 antibody was determined using tissue sections from localized and lymph node metastatic prostate cancer specimens obtained from the University of Cincinnati Department of Pathology in accordance with Institutional Review Board standards. BAF57 expression was determined using a tissue microarray (TMA) slide containing 80 cores (PR801; US Biomax). Patient tumors and the TMA were evaluated, graded, and semiquantitatively scored by a pathologist (M.P.R.) according to established guidelines (22) . Immunoreactivity of BAF57 was scored on intensity (0, none; +, low; ++, moderate; +++, high) and extent of tumor staining (0, none; 1, <25%; 2, >25% to <50%; 3, >50%). The final BAF57 immunohistochemical score is displayed as a composite (intensity + extent; ref. 23 ). Mean expression composite and SDs are shown. Statistical analyses were performed using two-tailed Student's t test.
Reagents. Dihydrotestosterone (DHT) was obtained from Sigma. Casodex (bicalutamide) was obtained from AstraZeneca Pharmaceuticals and used at 1 Amol/L for a 48-h treatment period where indicated.
Chromatin immunoprecipitation. Time course chromatin immunoprecipitations (ChIP) were performed as previously described (13) . Quantification of the data was performed by quantitative real-time PCR on an ABI Step-One apparatus using Power SYBR Green Master Mix and primers directed against the PSA enhancer region (PSA G/H), the PSA promoter (PSA A/B), or the TMPRSS2 promoter. Primer sequences have been previously described (24, 25) . Input reactions and negative control (IgG) immunoprecipitations were used to assess relative recruitment, as indicated. To examine AR and BAF57 recruitment in the presence and absence of BIPep (BAF57 1-145), LNCaP cells were seeded at 1 Â 10 6 on poly-L-lysine-coated 10-cm dishes in improved MEM (IMEM), 5% DFBS. Cells were transfected as previously described (13) using Lipofectin transfection reagent (Invitrogen) with a 1:4 ratio of H2B-GFP to pcDNA3 vector or pcDNA3.1-1-145-3Xflag (BiPep). After 18 h, medium was changed to IMEM containing 5% CDT. Forty-eight hours after transfection, cells were stimulated with 10 nmol/L DHT for 1 h and harvested for ChIP analyses. Transfection efficiencies exceeded 70% to 80%, as judged by the percent of cells scoring positive for GFP (data not shown).
Plasmids. Most constructs have been previously described (13, 26) . GST-AR 553-635 and GST-AR 634-668 were gifts from S. Balk . pcDNA3-BAF57DN-flag was generated by subcloning BAF57-flag from the pBabe plasmid using BamHI and EcoRI restriction sites. pcDNA3.1-1-145-3Xflag (BIPep) was generated by PCR amplification of coding regions for the first 145 amino acids of BAF57 with the addition of a BamHI restriction site at the 3 ¶ end. PCR amplification was followed by TA cloning (Invitrogen). This fragment was then cloned in frame into the pcDNA3.1-3Xflag vector using EcoRI and BamHI restriction sites. The construct was verified by sequencing.
GST pull-down. GST fusion protein production and immobilization was performed as previously described (13) . Immobilized proteins were incubated for 16 h at 4jC with the indicated in vitro transcribed/translated [ 35 S]Met-labeled proteins (generated using TNT-Coupled Reticulocyte Lysate systems, Promega). Binding reactions were carried out as previously described (13) . Samples were separated by SDS-PAGE, stained with Coomassie Blue, and subjected to fluorography using Fluoro-Hance (Research Products International). Bound and input proteins were detected by autoradiography and quantified using a PhosphoImager (Molecular Dynamics).
Transfection and reporter analyses. BT549 cells were transfected in steroid-free medium with FuGENE6 (Roche Molecular Biochemicals) as per the manufacturer's protocol. To assess BAF57 activation of wild-type AR (wtAR) or ARD629-636, transfections in six-well dishes consisted of 0.5 Ag pSG5AR or pSG5ARD629-636, 0.5 Ag pARR2-Luc, 0.25 Ag pTK-Renilla-Luc, and 2.25 Ag pBabe-wtBAF57-flag or vector control, as indicated. Following transfection, medium was changed and 0.1 nmol/L DHT or 0.1% ethanol vehicle was added as indicated. Cells were treated for 24 h, harvested, and lysed. Reporter analysis was carried out using the Dual Luciferase Assay Reporter System (Promega). To determine the effect of BIPep on BAF57-mediated AR activity, transient transfections were performed using 0.25 Ag pSG5AR, 0.25 Ag pARR2-Luc, 0.125 Ag pTK-Renilla-Luc, 2.25 Ag pBabewtBAF57-flag, and/or 0.5, 1.125, or 2.25 Ag of pcDNA3.1-1-145-3Xflag (BIPep). Reporter assays reflect the means and SDs of experiments with at least nine independent data points. Statistical analyses were performed using two-tailed Student's t test.
Reverse transcription-PCR. For semiquantitative analyses, RNA was obtained and converted to cDNA as previously described (13) . Primers were used for PSA (primer pair: 5 ¶-CTTGTAGCCTCTCGTGGCAG-3 ¶ and 5 ¶-GAC-CTTCATAGCATCCGTGAG-3 ¶), TMPRSS2 (primer pair 5 ¶-AATCGGTGTGT-TCGCCTCTAC-3 ¶ and 5 ¶-GCGGCTGTCACGATCC-3 ¶), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; loading control; primer pair: 5 ¶-CCACCCCATGGCAAATTCCATGGCA-3 ¶ and 5 ¶-TCTAGACGGCAGGT-CAGGTCCACC-3 ¶). For PSA and GAPDH, PCR conditions were as follows: 94jC for 2 min; 21 cycles (PSA) or 28 cycles (GAPDH) of 94jC for 30 s, 57jC for 30 s, and 72jC for 30 s; and 72jC for 10 min. TMPRSS2 amplifications were performed using cycles of 94jC for 5 min; 25 cycles of 94jC for 30 s, 55jC for 30 s, and 72jC for 45 s; and 72jC for 5 min. PCRs were separated on a 1% agarose gel and representative data were shown from a minimum of at least two to three independent experiments. Quantification was performed by real-time PCR using the Taqman Fast Universal PCR Master Mix. PSA and GAPDH probe and primer sets were obtained from Applied Biosystems (HS00266705 and HS00426859). TMPRSS2 was quantified using SYBR Green real-time analyses using the following primer pair: 5 ¶-GTG-ATGGTATTCACGGACTGG-3 ¶ and 5 ¶-CAGCCCCATTGTTTTCTTGTA-3 ¶.
Bromodeoxyuridine incorporation. LNCaP or PC-3 cells were seeded on poly-L-lysine-coated coverslips in steroid-free conditions and transfected as previously described (13) . Cells were cotransfected with vectors encoding H2B-GFP (as a marker of transfection efficiency) and one of the following expression plasmids: pcDNA3 (vector control), pBabe-BAF57DN-flag, pCMVp16ink4a, dnAR (pSG5ARD46-408), or pcDNA3.1-1-145-3Xflag (BIPep). After transfection, bromodeoxyuridine (BrdUrd; GE Healthcare) was added for a 16-h incubation period. Indirect immunofluorescence was performed as previously described (13) 
Results
BAF57 expression is maintained in prostate cancer specimens and elevated in a subset of tumors. To assess the effect of BAF57 on AR signaling in prostate cancer, BAF57 expression patterns were examined in prostate cancer specimens. Antisera directed against BAF57 were first generated, as described in Materials and Methods. Specificity was assessed in multiple systems; no immunoreactivity was detected in BT549 cells by immunoblot (Fig. 1A, lane 1) , which are devoid of this SWI/SNF subunit (13, 31) . By contrast, BAF57 was apparent in LNCaP (prostatic adenocarcinoma) cells (lane 2) consistent with previous reports (13) . Screening of additional prostate cancer cell lines (lanes 3-6) showed that BAF57 was detected in all tested model systems. Although these data were suggestive that BAF57 expression is retained in prostate cancer, immunohistochemical studies were undertaken to quantify expression in primary tumors. Specificity for BAF57 immunoreactivity in paraffin-embedded specimens was validated using fixed and embedded BT549 and LNCaP cells ( Supplementary Fig. S1A ). Subsequently, expression of BAF57 in nonneoplastic and primary prostate cancer specimens was examined. No positive staining was observed in the absence of primary antibody (Supplementary Fig. S1B ). However, significant nuclear expression of BAF57 was evident in the presence of antibody for the nonneoplastic sample (Fig. 1B, left) , with the majority of protein localized within the epithelial layer of the prostate glands and minimal expression observed in the stromal layer of the tissue. High nuclear BAF57 expression was also observed in the prostate cancer sample (Fig. 1B, right) . Furthermore, BAF57 expression was high in metastatic samples of prostate cancer (Fig. 1C) . AR staining was used to validate the specimen as prostate cancer (middle); H&E control sections are also shown (left). Thus, BAF57 expression can be clearly observed in both localized and metastatic prostate cancer.
To quantify BAF57 expression in prostate specimens, a TMA containing both tumor tissue and nonneoplastic controls was stained and scored (Fig. 1D) . Nonneoplastic prostate tissue scored positive for BAF57 staining, as expected. As shown, tumors of all Gleason grades were positive for BAF57, with Gleason 6 to 8 samples showing a trend toward increased BAF57 expression. These data did reach statistical significance by comparison of nonneoplastic tissue with metastatic samples (P < 0.05), which showed the highest levels of BAF57 expression. These data suggest that BAF57 expression is maintained or enhanced in prostate cancer. Congruent with this supposition, microarray profiling of BAF57 mRNA expression in metastatic prostate cancer (32) revealed a similar trend of elevated BAF57 mRNA expression in tumor tissue (Supplementary Fig. S1C ). Together, these data indicate that BAF57 expression is retained in prostate cancer and elevated in a subset of tumors; therefore, BAF57 may provide a therapeutic target by which to deplete AR activity. To test this hypothesis, it was necessary to first dissect the mechanisms by which BAF57 regulates AR.
BAF57 is temporally recruited to endogenous AREs. It has been previously shown that BAF57 function is important for the Figure 1 . BAF57 is highly expressed in human prostate cancer specimens. A, immunoblotting was performed for BAF57 and lamin B (loading control) in the LNCaP, LAPC4, 22Rv1, DU-145, and PC-3 prostate cancer cells. BT549 cells were used as the negative control. B, nonneoplastic (left ) and primary (right ) human prostate cancer (PCa ) specimens were analyzed by immunohistochemistry for BAF57 using the generated antisera (BAF57, 1:2,000 dilution). C, independent lymph node (LN ) metastases of prostate cancer were stained by standard H&E (left ) and immunostained for AR (middle ) or BAF57 (right ). D, immunohistochemical (IHC ) staining was performed for BAF57 on a TMA slide containing f80 cores. n, number for each category. BAF57 immunohistochemical score is displayed as a composite of intensity + extent of tumor staining as indicated in Materials and Methods. X axis, Gleason scores. M, lymph node metastatic samples.
Targeting the BAF57 SWI/SNF Subunit in Prostate Cancer www.aacrjournals.org response to androgen (13) , but whether this requirement reflected an early or late event in AR activation is a critical determinant in dissecting BAF57 function. As shown by ChIP assay, AR was recruited to the PSA enhancer after androgen stimulation and occupied this locus for over a 5-h period ( Fig. 2A) , consistent with previous reports (33) . By contrast, BAF57 was recruited early after DHT stimulation and cycled off the PSA enhancer after 3 h (Fig. 2B  and C) . Similar kinetic trends were observed on a second endogenous ARE present within the regulatory region of the AR-induced gene TMPRSS2 (Fig. 2C, bottom; ref. 34 ). These data indicate that BAF57 action at the ARE occurs early after agonist stimulation, consistent with a model wherein SWI/SNF activity is required for transcriptional initiation. By contrast, BAF57 (and SWI/SNF function in general) is not required for the response to AR antagonists ( Supplementary Fig. S2 ). Although BAF57 was detected at the PSA (but not the TMPRSS2) locus after exposure to the AR antagonist bicalutamide (Supplementary Fig. S2B ), functional studies showed that disruption of BAF57 activity did not alter the transcriptional or proliferative suppression after bicalutamide treatment ( Supplementary Fig. S2C and D, respectively) . Combined, these observations show that BAF57 is important for initiating the transcriptional response to agonist but is dispensable for antagonist function.
BAF57 binds to the DBD and hinge region of AR. Given the importance of BAF57 in the response to agonist, biochemical strategies were used to develop means of targeting the AR/BAF57 interface. First, to identify the means by which BAF57 impinges on AR, in vitro binding assays were performed. AR constructs and expression thereof are shown in Supplementary Fig. S3 . As expected, BAF57 associated with full-length AR in vitro but not with CD44 (negative control; Fig. 3A ). BAF57 showed no binding capacity to the NH 2 terminus of AR (amino acids 1-502), whereas strong association with the COOH terminus (amino acids 506-919) was observed. The BAF57 association site was further localized to the central DBD and hinge regions within AR, whereas no association was observed with control NH 2 -terminal domains or the GST control (Fig. 3B, compare lanes 1-4) . Subsequent dissection showed that the DBD and hinge region each harbor some BAF57-binding capacity (lanes 5 and 6), signifying that these combined motifs provide a means for BAF57 to exert its function on AR. Together, these studies identify the AR DBD/hinge region as the principal site of BAF57 association and indicate that this interaction uses AR motifs not currently targeted in cancer therapy.
Loss of CTE within AR causes reduction in BAF57 binding and transactivation potential. The observation that BAF57 binds the hinge domain was of importance, as this region contains a CTE that facilitates AR binding to AREs (3, 4) . To characterize the effect of the CTE on BAF57-mediated AR activation, a small, 8-amino acid deletion within the CTE (amino acids 629-636) of AR was used in GST pull-down analyses. A 50% reduction in BAF57 binding to ARD629-636 was observed compared with wtAR (Fig. 4A) , indicating that this region is of importance for BAF57 binding. The functional importance of the AR CTE for BAF57-mediated activation of AR was examined through reporter analyses (Fig. 4B) . As expected, minimal activation of wtAR was detected in the absence of BAF57. Identical results were observed for ARD629-636. Addition of BAF57 strongly induced activation of wtAR (13-fold), but not ARD629-636 (<5-fold), despite equal protein expression (shown in Supplementary Fig. S4B ). Increasing dosage of BAF57 expression failed to enhance ARD629-636 in reporter assays, thus further emphasizing that this mutant is compromised for activation by BAF57 (Supplementary Fig. S4C ). In short, these data show that the CTE is critical for BAF57-mediated activation of AR and that disrupting the BAF57-AR interaction may provide a means of attenuating AR activity.
The NH 2 -terminal inhibitory peptide of BAF57 (BIPep) blocks AR activity and AR-dependent cancer cell proliferation. Discovery that BAF57 impinges on critical regions of AR not currently targeted in therapy highlighted the need to uncover the mechanisms to disrupt the AR-BAF57 association. BAF57 consists of several conserved domains ( Supplementary Fig. S5A ), although the requirement of these for SWI/SNF specificity remains largely unchallenged. To dissect the AR-binding region, GST pull-down analyses were performed, which revealed that both the BAF57 NH 2 -terminal proline-rich and HMG domains are required to support association with AR 505-676 (DBD/hinge region; Fig. 5A ; Figure 2 . BAF57 is intermittently recruited to AREs. LNCaP cells were cultured in steroid-free medium for 3 d and then treated with either 0.1% ethanol (EtOH ) or 10 nmol/L DHT for the indicated time. Cells were harvested for ChIP analyses and antibodies to AR (A ), BAF57 (B), or preimmune serum (IgG) were used to examine recruitment to the PSA enhancer region. At least three independent experiments were performed and a representation is depicted. C, quantification of BAF57 recruitment after DHT stimulation was determined by real-time PCR using primers that flank the ARE regions of the PSA enhancer (PSA G/H; top ) or the TMPRSS2 locus (bottom ). Fold recruitment over negative control (IgG, set to ''1'' for each time point) is plotted, and SDs of samples assessed in triplicate are shown. Supplementary Fig. S5C ). Furthermore, the minimal AR-binding site was shown to be sufficient for binding (Fig. 5B) .
To decipher the importance of the BAF57/AR interface, a competitive inhibitor was developed. Specifically, a fragment encoding amino acids 1 to 145 of BAF57 was epitope tagged and transiently expressed in prostate cancer cells (Fig. 6A, left) . Expression of the peptide did not influence endogenous AR or BAF57 levels. However, ectopic expression of BAF57 1-145 significantly reduced the recruitment of AR (Fig. 6A , middle and right) and BAF57 (data not shown) to the PSA enhancer element. Similar results were observed on examination of the AR recruitment to the TMPRSS2 locus (data not shown). Given the ability of the peptide to inhibit the AR-chromatin association, the fragment was renamed BIPep.
Given the effect of BIPep on AR recruitment, the influence of BAF57 1-145 overexpression on AR activity was determined through reporter analyses (Fig. 6B) . As expected, AR showed no response to ligand in BT549 cells, which lack endogenous BAF57; conversely, introduction of BAF57 restored AR function in the presence of ligand (set to 100%). Under these conditions, introduction of BIPep elicited a dose-dependent reduction of AR activity (37% and 27%, respectively), providing functional evidence that targeting BAF57 can inhibit AR-dependent gene transcription.
To further confirm this result with endogenous protein in prostate cancer cells, expression of two clinically relevant, prostate-specific AR target genes (PSA and TMPRSS2) was examined (Fig. 6C) . As shown, robust induction of PSA and TMPRSS2 mRNA in the presence of androgen was inhibited by BIPep, similar to that observed with dominant-negative AR. These data show that BIPep significantly attenuates AR transcriptional activity on ectopic and endogenous AR targets. Given these effects of AR-BAF57 disruption on AR activity, the effect of BIPep on prostate cancer cell proliferation was investigated (Fig. 6D) . As expected, dnAR showed significant inhibition of LNCaP cell proliferation (26% over vector control) in AR-dependent cells. Similarly, BIPep significantly attenuated prostate cancer cell proliferation in the presence of androgen (31% reduction). By contrast, BIPep did not suppress BrdUrd incorporation in AR-negative (PC-3) cells, thus displaying specificity of action. In synopsis, these data provide evidence that disruption of the AR-BAF57 interaction can serve as a novel means to antagonize AR function in prostate cancer, and reveal SWI/SNF as a new therapeutic target in this disease.
Discussion
AR is the critical therapeutic target for disseminated prostate cancer and is effectively targeted through manipulation of the receptor LBD. However, recurrent tumors invariably overcome this point of intervention, and alternative strategies to target AR function therapeutically remain elusive (9, 10). The present study identifies abrogation of BAF57 recruitment as a novel means to inhibit AR activity based on several key observations herein. First, BAF57 is expressed in prostate cancer and elevated in a subset of tumors, indicating that the protein may continue to support AR activity in all stages of disease progression. Second, BAF57 is required specifically for the response to AR agonists but not therapeutic antagonists and is transiently recruited to sites of AR activity after androgen stimulation. These observations suggest that BAF57 is required at the early stages of AR function. Third, BAF57 impinges on a region of AR not currently targeted by cancer therapeutics and interacts with a motif known to be essential for transactivation potential. Fourth, the AR-binding site of BAF57 was 35 S]Met-labeled wtAR or CTE mutant of AR (ARD629-636) and pull-down analysis was performed as in Fig. 3A . Right, binding as a percentage to wtAR. B, BT549 cells were transfected with pARR2-Luc and pTK-Renilla -Luc and pSG5AR, pSG5ARD629-636, or pBabe-BAF57-flag as indicated. After transfection, cells were treated with either 0.1% ethanol or 0.1 nmol/L DHT for 24 h. Cells were harvested and lysed, and luciferase activity was measured. DHT-stimulated wtAR activity is set to ''1'' and data are presented as relative light units. *, P < 0.05.
used to provide proof of principle that abrogation of BAF57-AR association can block receptor function. Expression of this inhibitory peptide (BIPep) caused destabilization of AR residence on chromatin and suppressed AR function on clinically relevant target genes. BIPep was also sufficient to inhibit proliferation in AR-positive (but not AR-negative) prostate cancer cells. Together, these data provide conceptual evidence of a new means to hinder AR function and AR-dependent cellular proliferation in prostate cancer.
The observation that BAF57 expression is retained in human prostate cancer specimens and seems to be elevated in a subset of these tumors is critical to the development of this AR effector as a potential therapeutic target. Several AR cofactors are induced as a function of prostate cancer progression, including SRC1, SRC2, and ARA70, and it is thought that these events may contribute to the development of recurrent disease (1, 35, 36) . Whether BAF57 belongs to this class of AR modulator can now be determined, as the antisera described are effective for immunohistochemical studies. Intriguingly, several reports have been published, which support the contention that tissue-specific alteration of SWI/SNF subunits confers differential effects in cancer. Although it is well established that the SNF5 subunit is a rhabdoid-specific tumor suppressor (37) , recent studies have implicated loss of the ATPase subunit Brm in gastric cancer (38) , and depletion of Brm facilitates carcinogen-induced lung adenoma formation (39) . Although Brm can support AR activity in prostate cancer cells, it has been observed that it is frequently down-regulated in prostate cancer 6 and is associated with the acquisition of proliferative advantage. By contrast, Brg1 may be induced in prostate cancer and is associated with invasive disease (40) . These collective observations underscore the growing appreciation that SWI/SNF complexes seem to exist in a delicate balance and that alterations in the expression of individual subunits can result in significant cellular outcomes. The observation herein that BAF57 levels seem to be induced in a subset of cancers suggests that altered BAF57 expression may be required to support or trigger alterations in cooperating SWI/SNF subunits. Although this hypothesis remains to be tested, it is apparent from the present study that BAF57 is critical for agonist-induced AR function in the context of androgendependent tumor cells.
The observed early recruitment of BAF57 to the sites of AR activity and its subsequent displacement indicate that SWI/SNF may be necessary to facilitate initial events in transcriptional activation. This supposition agrees with the proposed mechanisms of active SWI/SNF remodeling function in that the complex is thought to progress along the nucleosome-bound DNA (away from the AREs; refs. 7, 41). Importantly, AR is able to induce recruitment of the ATPase (42), presumably through the BAF57 interaction motif as shown herein. It has been proposed that retention of AR at the PSA enhancer permits looping and contact with the proximal promoter, thus augmenting transcriptional output (33) . The observation of BAF57 dismissal indicates that SWI/SNF may no longer be required after this looping event occurs, and future investigations will test this hypothesis directly. Given the dynamic interplay between AR and BAF57, the biochemical mechanisms that underpin BAF57 recruitment were delineated.
As has been well documented, AR contains a zinc finger DBD that requires the CTE domain to permit binding to DNA (3, 26) . A closer examination of the AR CTE uncovered this region as an important region for BAF57 binding and activation of AR. Interestingly, there is precedence for a requirement of the CTE to confer the binding of HMG DBD-containing proteins (HMGB1 and SOX9) to AR (43, 44) . Moreover, this region of AR can serve as a platform for interaction with Ubc9, a SUMO-1 conjugating enzyme (45) . As previous studies showed that BAF57 can cooperate with Ubc9 for AR activation (13) , it will be intriguing to determine how Ubc9 may influence the ability of SWI/SNF to bolster AR activity. The DBD/hinge domain within the estrogen receptor (ER) has also been shown to be a primary region for BAF57 interaction, indicating a possible trend in BAF57-nuclear receptor binding (46) . Because our data show that the AR-binding region of BAF57 (amino acids 1-145) is able to reduce AR residence at AREs, it is possible that binding of the BAF57 fragment to the CTE is sufficient to block either DNA binding or agonist-induced stabilization on DNA. Although additional investigation will be necessary to challenge this hypothesis, the current data strongly support ablation of the AR-BAF57 interaction as a means to disrupt AR-DNA association.
To move further toward the goal of inhibiting the AR-BAF57 interaction, the region of AR binding within BAF57 was defined. The PR and HMG domains of BAF57 emerged as the primary binding sites for AR, as deletion of these regions elicited a loss in AR binding. Interestingly, the observed binding to AR differs from that of ER association with BAF57, wherein truncation of either the NH 2 or COOH terminus of BAF57 caused significant disruption of ER binding (46) . Similarly, the PR/HMG domain of BAF57 is also dispensable for association with BRG1/BRM (47) and the BAF155 subunit of SWI/SNF, as this interaction was dependent on the coiled-coil and NHRLI domains of BAF57 (30) . This latter observation may have implications for AR, as BAF155 (and its murine homologue, SRG3) has been shown to regulate expression of specific SWI/SNF components, including BAF57, and is thought to serve as a critical regulator of SWI/SNF subunit levels (30, 48) . As would be expected, therefore, SRG3 is important for AR regulation (15) .
Given the necessary role for the BAF57 NH 2 terminus in AR binding and the ability of this region to disrupt AR recruitment, the utility of the AR-binding motif (BIPep) as a means to suppress AR activity was examined. As shown, AR activity was significantly attenuated and proliferation of AR-positive prostate cancer cells was diminished. Importantly, introduction of BIPep caused no reduction of endogenous full-length BAF57 protein expression, as shown in Fig. 6A . This is in contrast to previous observations that showed a decrease in wild-type BAF57 (wtBAF57) expression on BAF57 mutant introduction (30, 47) . Therefore, effects observed on addition of this AR-binding region are not a result of decreased wtBAF57 expression. Taken together, these data present the BAF57-AR interface as a viable medium for disrupting AR signaling. These findings gain significance, as recent research has validated the feasibility of developing small molecules to effectively disrupt proteinprotein interaction in cancer. For example, the Nutlin compounds were developed to block MDM2 interaction with p53, consequently stabilizing the p53 tumor suppressor and inducing cell cycle arrest and apoptosis (49) . Furthermore, expression of the NH 2 -terminal region of AR has been shown to block the growth of prostate cancer (50) . Additionally, targeting BAF57 could potentially be useful in combination with the commonly used therapy of AR antagonists (e.g., bicalutamide), as examination of BAF57 and SWI/ SNF function on antagonist treatment revealed no functional requirement for the complex in antagonist-mediated repression (Supplementary Fig. S2 ). These findings are also consistent with analyses of SWI/SNF function in living cells, wherein the Brm ATPase was shown to be recruited to sites of AR function in the presence of agonist but not antagonist (42) . The present observations provide much impetus to explore disruption of the AR-BAF57 interaction through small-molecule inhibitors and/or peptide exposure to impede prostate cancer proliferation.
In summary, the robust expression of BAF57 in a multitude of prostate cancer specimens and its dependence on the SWI/SNF complex strongly suggest that the integrity of BAF57 function is maintained in prostate cancer as a means to support AR activity. Specificity of action was revealed in that BAF57 seems selectively required for the response to agonist (but not antagonist) and acts rapidly at AR target sites on receptor activation. Disruption of this Figure 6 . BIPep reduces AR residence at AREs, limits AR activity, and suppresses AR-dependent prostate cancer cell proliferation. A, LNCaP cells were transfected with H2B-GFP and either pcDNA3 or pcDNA3-BAF57 1-145-3Xflag. After transfection, medium was changed to steroid-free conditions for 48 h. Cells were stimulated with 10 nmol/L DHT for 1 to 2 h and subjected to immunoblot analysis for flag, BAF57, or AR (left ) or ChIP analysis for AR recruitment to the PSA enhancer region (middle ). Ten percent input and AR recruitment are shown for the 1-h time point. Right, as shown by quantification of relative AR recruitment using real-time PCR, these findings were recapitulated at the 2-h time point. B, BT549 cells were transfected with pARR2-Luc, pTK-Renilla-Luc, pSG5AR, pBabe-BAF57-flag, and pcDNA3-BAF57 BIPep as indicated. Treatment and reporter analysis were carried out as in Fig. 4B . DHT-stimulated AR plus BAF57 is set to 100 and data are presented as relative light units. *, P < 0.05. C, LNCaP cells were transfected with H2B-GFP and plasmid encoding pcDNA3 vector, pSG5ARD46-408 (dnAR), or pcDNA3-BAF57 BIPep 3Xflag. Reverse transcription-PCR was performed for PSA, TMPRSS2, or GAPDH. Left, representative data. Quantification of relative PSA or TMPRSS2 expression (relative to GAPDH, with expression levels for vector-transfected cells set to ''1'') is shown. D, LNCaP cells were transfected with H2B-GFP and pcDNA3, pSG5ARD46-408 (dnAR), or pcDNA3-BAF57 BIPep 3Xflag. Left, BrdUrd analysis was performed; right, parallel experiments were performed for PC-3 cells. Results from at least three independent experiments (each experiment with at least two to three independent biological replicates) are plotted as percent inhibition of BrdUrd incorporation over vector control. **, P < 0.01. event, made possible through dissection of the AR-BAF57 interaction surfaces, proved sufficient to disrupt AR residence on chromatin, AR-dependent gene expression, and AR-positive prostate cancer cell proliferation. Combined, these data show that disruption of the BAF57-AR interaction may prove an effective, novel means to assist in suppressing AR function and cellular outcome in prostate cancer cells.
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